Abstract The surface shape of liquid water is well controlled during nanosecond pulse laser ablation plasma propulsion. In this study, we measured the effect of the shape on the coupling coefficient and the specific impulse. We found that the coupling coefficient and specific impulse could be optimized by varying the surface convexity. Based on the analysis of the surface radius curvature, we demonstrate that the convex surface changes the laser focal positions to achieve high efficiency.
Introduction
Laser plasma propulsion as a new propulsion technology has been attracted a great deal of attention in recent years since Kantrowitz first proposed as an alternative to chemical combustion rockets in 1972 [1] . In this technology, a condensed-matter surface is irradiated to produce the plasma. Then, the thrust is produced by the resulting force from the reaction on the condensed-matter surface. There are two important parameters to characterize the propulsion: coupling coefficient and specific impulse [2] . The ratio of the target momentum to the incident laser energy is defined as the coupling coefficient, which shows the energy conversion efficiency. The ratio of the target momentum to the consumed mass is defined as the specific impulse, which shows the target material life time. Higher values of specific impulse mean a lesser amount of target material consumption. To enhance the coupling coefficient and specific impulse, remarkable progress has been achieved in recent years, and many target materials such as liquids, metals and polymers have been tested [2−5] . Liquid propellants are considered to be optimum materials because they significantly enhance the thrust [6−10] . Many studies have been investigated to show how various liquids and liquid-containing materials are ablated by the laser pulses. In addition to the water film [6] , other liquid materials have been tested such as diethyl ether, ink and glycerol [7−10] . However, when liquid materials are employed, the surface will not be planar due to surface tension or the gravitation of the liquid itself. It has been reported that a convex surface will further enhance the coupling coefficient [11, 12] . For example, the coupling coefficient is 190.3 dyne/W and 164.4 dyne/W for a convex surface and a planar water surface respectively [12] . In addition to a convex surface, a concave surface and an approximately planar surface have been produced in experiments. However, only a few publications have investigated the effect of surface shape on the propulsion efficiency. In particular, there have been no direct investigations of the influence of the surface radius curvature on propulsion, which could help us to understand the effects of surface shape on ablation efficiency.
In this study, we controlled the liquid surfaces exactly to investigate the effects of the surface shape on the coupling coefficient and the specific impulse. It determined the maximum value for the coupling coefficient and the specific impulse according to the surface radius curvature. A simple discussion of the focal position and laser intensity induced by the convex surface is also provided.
Experiments
A schematic illustrating the experimental setup is presented in Fig. 1 . The container was a cavity with a diameter of 1.5 mm and a depth of 2.5 mm in an aluminum cuboid with 3 mm×8 mm×5 mm. By the lens (f =100 mm, Φ=50 mm), laser pulses were * supported by National Natural Science Foundation of China (No. 10905049) and Fundamental Research Funds for the Central Universities of China (Nos. 53200859165, 2562010050) directly focused through the water into the bottom of the cavity. The pulse laser used in this experiment had a pulse duration of 10 ns, wavelength of 532 nm. And the largest amount of laser pulse energy was approximately 250 mJ. A photo-electric equipment was used to measure the target velocity, in which two HeNe laser beams were used as probe beams. They were designed to propagate to the target surface and falling into two photodiodes. The vibration of the target was simulated by a small wire with a diameter of 185 µm beneath the bottom of the target. Following laser ablation, the wire accompanying the target passed through the two probe beams. Two signals from the wire passed through the two crossing beams were recorded by an oscilloscope. The target velocity was the ratio of the distance between the two beams ∆l to the time width ∆t between the two signals. Based on the target mass m, the target momentum mv is available. The coupling coefficient mv/E, which is the ratio of the target momentum mv to the incident laser energy E, can be obtained. Then, the specific impulse can be estimated according to its definition of the ratio of the target momentum mv to the consumed target mass ∆m. By this device, the effect of the target thickness and cross-section of probe beam on the measurement precision can be avoided [13] . Moreover, the distance between the two crossing beams ∆l and the positions of two photodiodes are easily adjusted [5, 14] . In order to control the surface shape exactly, the water volume was controlled by a micro-liter syringe with a precision of 0.5 µL, which facilitated a good repeatability of the same surface shape. Schematics of a planar surface, convex surface, and concave surface are shown in Fig. 2(a) , (b) and (c) respectively. Typical images of the liquid water with different convex surfaces are shown in (d)-(g), where the image of (d) corresponds to a planar surface and the radius curvature is infinity. Those images are obtained by a digital camera and they have the same spatial scale.
Considering the spherical shape of the water surface, through the cavity width D and the water height h (which can be obtained from the images in Fig. 2) , the radius of curvature r can be calculated by the following formula,
Then, the radius of curvature can be expressed as,
The corresponding relationship between the surface radius curvature and the water volume is shown in Table 1 . 
Results and discussions
The coupling coefficient and the specific impulse generated with different water volumes are shown in Fig. 3 , where the planar surface corresponds to 8.0 µL and the radius curvature is infinite. Due to the concave surface, the radius curvatures of 7.0 µL and 7.5 µL could not be measured directly and thus they were estimated from those obtained with 8.5 µL and 9 µL. We found that the coupling coefficient and the specific impulse exhibited a similar tendency and the maximum value is presented.
The water volume, namely the radius curvature, varies the laser focus point positions and the laser focal intensity. With increasing of the water volume, the radius curvature becomes smaller and the focus point position moves from the cavity bottom into the water interior. Under this condition, a part of the water plays the role of confinement, and the coupling coefficient is enhanced tens of times. The coupling coefficient and specific impulse can reach maximum values. As the water volume further increases, the laser pulse focus point moves to the surface even outside the surface, the effect of the confinement can be eliminated. Then, a decreasing tendency of the coupling coefficient and specific impulse is presented. Fig.3 Coupling coefficient and specific impulse generated with different water volume According to the momentum and energy conservation laws, the ablation efficiency is written as,
where, ∆m is the ablated consumption mass, v E is the exhaust velocity, W is the incident laser energy, I sp is the specific impulse, C m is the coupling coefficient, g is the gravity acceleration, and η AB is the ablation efficiency. The η AB is related to the incident laser pulse duration, laser energy and the properties of target material [15, 16] . Thus, from formula (3), the specific impulse is expressed as follows:
It is found from formula (4) that the coupling coefficient decreases with the specific impulse increasing and a inverse proportional relationship between them is presented. Thus, the results in Fig. 3 that the coupling coefficient and specific impulse present a similar tendency, disagree with the inverse proportional relationship. For liquid water, the specific impulse and the coupling coefficient exhibited a similar tendency. This can be induced from their definitions that both of them are relative to the target momentum. Under the same incident laser energy and the same consumed target mass, the coupling coefficient and the specific impulse will exhibit the same tendency.
In this experiment, due to the plasma explosion, most of the water in the cavity is ejected. The difference of the consumed mass between two pulses is tiny and can be negligible. Thus, the consumed target mass is a constant value. Under this case, the specific impulse is only determined by the target momentum. For the coupling coefficient, which is defined as the ratio of the target momentum to the incident laser energy, it is only determined by the target momentum for the same incident laser energy. Based on this viewpoint, the coupling coefficient and specific impulse will have a similar tendency. Furthermore, a low coupling coefficient does not mean a high specific impulse. During ablation liquid materials such as water and glycerol, the target momentum has two sources: plasma expansion and the splashing of the unionized liquid. In such experiments, the latter effect had a crucial role and resulted in a high consumed mass, which leaded to a very low specific impulse.
The surface shape influences the laser beam focus, so the laser focal position and the laser intensity will be changed. A function of the coupling coefficient with the laser intensity is shown in Fig. 4 . The coupling coefficient tends to decrease with the laser intensity increasing. This result indicates that a high laser intensity induced by a convex surface is not sufficient to enhance the coupling coefficient. Fig.4 The coupling coefficient generated with different laser intensities Fig. 5 shows the coupling coefficient at different laser focal positions, which indicates that as the laser focal lens moves toward the target, the focal position changes from the air to the water surface, water interior and even through the cavity bottom. The maximum value of the coupling coefficient occurred when the laser was focused at the bottom of the water. Thus, in this case, the whole water severed as a confined layer, which could significantly enhance the coupling coefficient [12] . As the laser focal point moved away from the bottom of the water, the confined water volume decreased and the effect of the confinement reduced. However, another peak value was observed, which indicates that there was an optimum focal position within the water. As the focal position moved into the air, the coupling coefficient declined rapidly and it decreased almost to zero. 
Conclusions
In this study, we investigated the effect of the surface shape of liquid water on the coupling coefficient and the specific impulse during nanosecond pulse laser ablation plasma propulsion. The coupling coefficient and specific impulse both had a maximum value. The results demonstrated that as the surface convexity increased, the laser focal position changed, where it moved from the bottom of the cavity to the surface, and this was the main explanation for differences in the propulsion efficiency. Thus, the conditions could be optimized further by considering the relationship between the coupling coefficient and the specific impulse.
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